N itric oxide (NO) activation by transition-metal ions has attracted enormous interest from chemists and biochemists since NO has been discovered to play major roles in many biophysiological processes, such as vascular regulation, neurotransmission, and immune cytotoxicity. 1 In this context, the biosynthesis of NO and its various biological and physiological reactivities come about through the interaction with metalloproteins of iron and/or copper.
2 However, NO overproduction leads to toxicological behavior because of its radical character and ability to form reactive nitrogen species (RNS) such as nitrogen dioxide (NO 2 ) and peroxynitrite (PN, − OONO).
3 These RNS may result from NO oxidation in the presence of O 2 , 4 H 2 O 2 , superoxide radical anion (O 2
•− ), 3d,5 and/ or transition-metal ions. 6 In these contexts, important enzymes are available in vivo to maintain proper levels of NO. For example, detoxification by removal of NO occurs by nitric oxide dioxygenases, which are microbial or mammalian heme proteins.
2,7 The chemistry here involves reactions of oxyhemes (e.g., iron(III)−superoxo species) with NO to generate biologically benign nitrate ion, which is believed to occur through the formation of metal−PN intermediates.
The coordination chemistry of metal−nitrosyl complexes has a long history, 7b,8 including a significant literature wherein these are exposed to oxidants such as O 2 .
9 Clarkson and Basolo first described the chemistry of a cobalt−nitrosyl complex with O 2 , in which oxygenation leads to a nitrite-bound product. 2+ in CH 3 CN at −40°C under an Ar atmosphere resulted in the generation of 1 and 2, respectively, within 1 min (Scheme 1, reaction I; also see the Experimental Section in the Supporting Information (SI); Figure S1 in the SI shows a schematic diagram of the NO(g) purification and handling process). The UV−vis spectra of 1 and 2 exhibit characteristic absorption bands at 368 nm (ε = 950 M −1 cm
) and 375 nm (ε
), respectively ( Figure 1 ; also see Figures S2 and S3 for the UV−vis spectral changes). Electron paramagnetic resonance (EPR) spectra recorded for 1 and 2 are silent, suggesting the trivalency of the cobalt center ( Figure S4 ; also see Figure S5 for the 1 H NMR spectra) and thus formally Co III (NO − ) or {Co(NO)} 8 descriptions (vide infra). 8 The solution IR spectra of 1 and 2 are also consistent with these formulations, revealing low-energy (for {Co(NO)} 8 ) NO stretching bands at 1712 and 1716 cm . Both Co III − nitrosyl complexes 1 and 2 were found to be inert toward O 2 (Scheme 1, reaction II), in stark contrast to the previously studied cobalt complexes. 8, 9 We speculate that for 1 and 2 there is absolutely no NO dissociation, which may be required for O 2 reactivity.
7b However, they do exhibit O 2 •− reactivity, as the reaction with KO 2 in CH 3 CN with 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane (2.2.2-cryptand) gives the corresponding Co II −nitrito complexes (Scheme 1, reactions III and IV). When 1 was reacted with 1 equiv of O 2
•− in the presence of 2.2.2-cryptand under an Ar atmosphere in CH 3 CN at −10°C, the color of the reaction solution changed from dark pink to very light pink (see the Experimental Section in the SI) to form a new species 3; the characterstic absorption band of 1 at 368 nm disappeared within 2 min (Figures 3 and S10) . Similarly, 2 reacted with 1 equiv of O 2
•− ( Figure S11 shows the UV−vis spectral changes) to form the product 4. Spectral titration data clearly showed that the stoichiometric ratios for the reactions of both 1 and 2 with O 2
•− were 1:1 ( Figure S12 ). The products 3 and 4 obtained in the reactions of O 2
•− with 1 and 2, respectively, were determined to be Co II −nitrito complexes on the basis of spectroscopic and structural characterization using solution IR and EPR spectroscopy, ESI-MS, and single-crystal X-ray crystallography (vide infra). 15 The yields of 3 and 4 (85 ± 4% and 83 ± 4%, respectively) were determined by nitrite ion analyses using either Quantofix test strips or the Griess reagent (see the Experimental Section and Figure S13 in the SI).
The reaction of 1 with 1 equiv of O 2 •− in CH 3 CN at −40°C was followed by solution IR spectroscopy (Figure 3 inset) Tables S3 and S4 ). For 3, there are two crystallographically independent formula units (i.e., Z′ = 2) with almost identical chemical conformations in the asymmetric unit, whereas Z′ = 1 for 4. In both 3 and 4, the difference of the two Co−O bond distances is within 0.02 Å, reflecting a very minimal Jahn−Teller distortion. This is also consistent with the observed IR spectroscopic properties: the differences between the two N− O vibrational signals for 3 and 4 are 39 and 40 cm −1 , respectively, which are much smaller than those found in the case of asymmetric binding of NO 2 − to metal centers. 10b,12c,15 Both (i) and (ii) involve the initial formation of PN species, and mechanistic considerations are discussed further below.
As mentioned above, metal−PN complexes may be formed from a variety of reaction types. Here, for the first time, we have described the reaction of a metal−nitrosyl complex with superoxide anion. We propose that in the first step of this reaction, O 2
•− directly adds to the NO moiety in and nonaqueous copper complex chemistry, 10b,12c the sequence of reactions shown in Scheme 2 will lead to the products observed (also see Figure S15b for ESI-MS spectra), including a half 18 O-labeled nitrite moiety and 18 O 2 . Detection of dioxygen in significant amounts by reaction flask headspace analysis using mass spectrometry (see the Experimental Section in the SI) indeed shows that only 18 O 2 is formed in the reaction of 1 and 18 O 2
•− (Figure 5b ). This result was confirmed by carrying out a (Figure 5b inset) . Notably, this finding is exactly consistent with the proposed mechanism in Scheme 2, with initial O−O homolytic cleavage followed by O−O bond formation (Scheme 2, steps 1 and 2). 18 This is the first example in which tracking of the O atoms has revealed that the O 2 produced is derived from the PN peroxidic moiety (here derived from O 2
•− ), as proposed for aqueous PN chemistry.
17,18
While we do not have direct spectroscopic evidence for the postulated Co II −PN species, support for its formation comes from our finding that it can be intercepted by the addition of a phenolic substrate, here 2,4-di-tert-butylphenol to produce 2,4-di-tert-butyl-6-nitrophenol in good yields (>50%) with oxidative coupling occurring to most of the remaining phenol substrate (see the Experimental Section in the SI). Phenol nitration has been used extensively to provide evidence for the presence of metal−PN species, 3a,b,6a,14 and as mentioned, this reaction is of considerable biological importance. It is also noted that Co−NO complexes 1 and 2 do not react with the phenol.
In 
